Subthreshold electrotonic depolarizations have been shown to exert inhibitory actions on impulse conduction and generation in isolated cardiac tissues. We performed this study to determine whether inhibition occurs in human myocardium, and to investigate the effects of time and voltage, as well as distance, on myocardial inhibition. Sixteen subjects were studied in the clinical electrophysiology laboratory by standard techniques. Atrial and ventricular pacing were performed with the use of a quadripolar catheter. The basic drive train (S ) and premature stimulus (S2) were introduced at the distal bipolar electrode pair through one current output generator and the subthreshold conditioning stimulus (SC) was introduced before S2 at the distal or proximal bipolar pair through a separate current output generator. When SC was initiated at the distal electrodes 40 msec before S2 inhibition of S2 could always be demonstrated (atrium or ventriclej. Since SC was introduced progressively earlier than S29 Sc inhibited the response to S2 according to a curvilinear strength-interval relationship; increasing milliamperes of S from less than 1.0 to 10.0 increased the interval at which Sc preceded S2 and still inhibited S2. With currents of SC of 10.0 mA or less, SC inhibited S2 in the ventricle (n = 1 1) and atriumn (n = 5) when Sc preceded S2 by 40 to 160 msec (mean 85 msec) and 80 to 190 msec (mean 116 msec), respectively. Ventricular inhibition attempted with Sc at the proximal bipolar pair and S a.t the distal pair was successful in three of nine patients. The effect of Sc on ventricular excitability threshold of S2 was determined in three patients. For all three patients the current threshold of S2 varied directly as a function of the magnitude of current used for S . These data demonstrate that (1) subthreshold stimuli can prevent subsequent threshold stimuli from depolarizing human atrium and ventricle, (2) inhibition is both time and voltage dependent, and (3) inhibition is more effective if the inhibitory stimulus is applied close to the site of the threshold stimulus. Inhibition most likely occurs by Sc electronically affecting the response of the tissue to S29 possibly in part by modifying myocardial excitability threshold, thereby preventing S2 from initiating an active response.
have not been delineated in the human heart. The purpose of this investigation was to determine whether inhibition in human atrium and ventricle occurs, and to analyze the effects of time and voltage as well as distance on inhibition in the human ventricle.
Methods
Sixteen patients in a postabsorptive nonsedated state and with a variety of arrhythmias (table 1) were studied in the electrophysiology laboratory. All patients gave informed written and verbal consent before entering the study. There were 14 men and two women in the study with a mean age of 52 + 14 years.
Three to four electrode catheters were inserted percutaneously into the femoral and/or brachial veins and positioned under fluoroscopic guidance to multiple areas of the heart. In all patients ventricular pacing was performed with a quadripolar catheter (USCI) with 10 mm interelectrode distance. The right ventricular catheter for all studies was positioned at the apex. Atrial pacing was performed with a quadripolar catheter with 5 mm interelectrode distance (USCI) that was positioned in the high right atrial area. A second atrial catheter was positioned near the first atrial catheter to record the bipolar atrial electrogram.
Pacing protocol. For the inhibition studies in the atrium or ventricle, the following protocol was used. A programmable custom-built stimulator (MECA) was used to pace the heart with rectangular pulses (WPI) delivered through an isolation unit for the basic drive train (SI) and the premature stimulus (S2). The pulse width of SI and S2 was 2.0 msec and the current used was twice late-diastolic threshold (1.0 to 1.4 mA). A second current output generator (WPI) that delivered 2 msec rectangular stimuli through an isolation transformer was used to introduce the conditioning stimulus (Sc). The SI, S2, and S, stimuli were bipolar and, regardless of whether the distal or proximal bipolar electrode pair on the quadripolar catheter were used for stimulation, the distal pole of the pair was always the cathode and the proximal pole the anode. Ventricular and atrial refractoriness were determined by stimulating the myocardium with a train of eight complexes and after each eighth complex a premature stimulus was introduced beginning in late diastole. The SIS2 interval was shortened progressively until S2 consistently failed to evoke a response. The longest SIS2 interval that did not result in myocardial depolarization on two consecutive attempts was defined as the effective refractory period of the tissue being tested.
To test for ventricular inhibition, the stimulator delivering the basic train and premature interval was set at a fixed SISI and S1S2 interval. The SIS2 interval was 10 to 20 msec longer than the effective refractory period and S2 always produced a ventricular response. Then, with the use of a separate current generator, Sc was introduced beginning 20 msec before the occurrence of S2 and within the duration of the ventricular effective refractory period. The current of S, always was subthreshold and by itself Sc never produced a ventricular response. As the current of SC was increased, especially at levels of 6.0 mA or more, SC was periodically introduced without S2 to ensure that SC by itself did not result in myocardial depolarization. The current level of S, was increased in 0.1 to 0.3 mA increments until SC inhibited ventricular depolarization of S2. At this point, the current level of SC was kept constant but the S, stimulus was moved 10 msec earlier than the previous ScS2 interval. If SC failed to inhibit S2 then the mA was again increased progressively until Sc inhibited S2. This process was repeated until an ScS2 interval was obtained at which an SC of 10 mA no longer inhibit-708 ed S2. In 11 patients SI, S2, and S, were initiated at the distal bipolar pair and the proximal bipolar pair was used to record the local electrogram. In nine patients S I and S2 were initiated at the distal bipolar electrode pair but Sc was introduced at the proximal bipolar pair. For these patients the catheter was positioned so that late-diastolic pacing threshold was similar for the distal and proximal bipolar pair. For atrial inhibition a protocol similar to that detailed above for ventricular inhibition was used. Five patients underwent this protocol and for all five patients, SI, S2 and S, were initiated at the distal bipolar pair. A second electrode catheter positioned near the first catheter was used to record atrial potentials because the stimulus artifact often obscured atrial depolarization recorded from the same catheter that delivered the stimulus.
The effect of Sc on threshold of S2 in the ventricle was investigated in patients 14 through 16. For each patient SI, S2, and Sc were delivered at the distal bipolar electrode pair. Stimuli for SI and S2 were initiated from a separate current output generator than stimuli for S, (see above). Pulse width for all stimuli was 2.0 msec. The SIS2 interval was 10 to 20 msec longer than the ventricular effective refractory period and S2 without Sc always depolarized the ventricle. The ScS2 interval was 50 msec and did not vary throughout the study. Initial current of S2 was twice late-diastolic threshold. Then, as the current of Sc was increased stepwise to inhibit S2, the current level of S2 was increased by 0.1 mA increments until S2 again produced a ventricular response. All Sc stimuli were subthreshold.
In six patients we tested for summation in the ventricle. For all patients, SI, S2, and Sc stimuli were introduced at the distal bipolar pair, the pulse width of S, and S2 was 2.0 msec, and the current used was twice late-diastolic threshold. The stimulator used for the basic train and premature interval was set at a fixed SS5 and SIS2 interval. The SIS2 interval was always 10 msec less than the effective refractory period and S2 never produced a ventricular response when delivered alone. With a separate current generator, one or two subthreshold stimuli, each of 2.0 msec duration, were introduced up to 6 msec before S2. If ventricular depolarization occurred with S2 plus the subthreshold stimuli, S2 was tested again without Sc to ensure that S2 by itself still did not result in ventricular depolarization; similarly, the subthreshold stimuli were introduced without S2 to ensure that they did not institute ventricular depolarization. Summation was considered to be present when S2 plus subthreshold stimuli produced ventricular depolarization but S2 or subthreshold stimuli alone did not. Data from multiple surface and intracardiac leads were recorded on an oscilloscopic recorder (Electronics for Medicine VR12) at a paper speed of 100 mm/sec and stored on a tape recorder (Hewlett Packard No. 3968A). Electrocardiographic surface leads were filtered at 0.1 to 20 Hz and signals from intracardiac leads were filtered at 30 to 500 Hz.
Results
Ventricular inhibition. Eleven patients underwent ventricular inhibition testing and their data are listed in table 2. When the SI, S2, and SC were applied at the distal bipolar pair all patients demonstrated inhibition in the ventricle. For the entire group the maximum mean ScS2 interval at which inhibition still occurred at 10 mA or less was 85 msec, with a range of 40 to 150 msec. Figure 1 illustrates analog data from one patient. The S,S2 interval was 270 msec and this was held constant for the entire study. Figure 1 , left demon-CIRCULATION Sc  IC  IC  IC  IC  IC  IC  IC  IC  IC  IC  IC  IC  IC Ventricle  1  500  290  300  D  NI  NI  NI  30  60  90  90  90  90  90  90  90  90 100  P  NI  NI  NI  40  40  40  40  40  50  60  60  60  80  80  2  500  240  250  D  40  50  60  60  70  70  70  80  80  80  90 120 130 140  P  NI  3  500  240  250  D  20  30  50  60  60  70  80  80  80  80  80  80  80 D  NI  NI  NI  NI  NI  NI  NI  NI  NI  NI  40  50  50  50  11  600  280  290  D  10  10  20  20  30  30  30  30  30  50  50  50  50  60  Atrium  7  600  250  270  D  NI  NI  NI  NI  30  40  40  50  60  70  80  80  80  80  8  500  210  220  D   NI   NI  20  20  30  30  30  40  40  70  70  80  80  80  9  500  220  230  D  NI  NI  NI  NI  NI  NI  NI  NI  NI  NI  70  80  80  80  12  600  260  280  D  NI  NI  20  20  30  30  30  40  50  50  60 190 190 190   13  600  250  270  D  NI  NI  NI  NI  30  40  40  50  60  70  80  80  80 strates the maximum current for each Sc 2 interval at which the conditioning stimulus did not inhibit S2' while figure 1, right illustrates the minimum current at which Sc always inhibited S2. As shown, more current is needed for SC to inhibit S2 as S, precedes S2 at increasing intervals. The current of S, required to inhibit S2 plotted as a function of the time at which S, precedes S2 demonstrates a curvilinear relationship; the current required for Sc to inhibit S2 varies directly as the SCS2 interval increases (figure 2). The maximum ScS2 interval at which Sc inhibits S2 is 150 msec, achieved at a current of 6.4 mA. Currents of 6.6 to 10 mA did not produce any greater degree of inhibition. In fact, for the entire group of 11 patients, the maximum mean ScS2 interval at which Sc still inhibited S when currents for Sc were less than 5 mA was 56 msec, with a range of 0 to 110 msec. Therefore, approximately two-thirds of the maximum ScS2 interval at which SC still inhibited S2 occurred at current strengths for Sc of 5.0 mA or less.
Vol. 68, No. 4, October 1983 In nine patients the conditioning stimulus was applied at the proximal ventricular pacing pair and the S, and S2 stimuli were applied at the distal pair. Six patients showed no inhibition at all during this pacing protocol, and for all nine patients the maximum mean ScS2 interval at which inhibition occurred with up to 10 mA current strength for S, was 26 msec, with a range of 0 to 130 msec. The maximum mean S S2 interval obtained with currents for Sc of 5.0 mA or less was 17 msec, with a range of 0 to 90 msec. As seen in figure 2 , Sc delivered at the proximal bipolar electrode pair inhibited S2 delivered at the distal pair less effectively than when Sc and S2 were both delivered at the distal bipolar pair. This relationship is even more dramatically demonstrated in figure 3 , in which almost the entire strength-interval inhibition curve using the proximal bipolar pair for Sc was shifted upward and to the right. We compared the effectiveness of inhibition of Sc delivered at the proximal and distal electrode pair in the three patients in whom inhibition occurred with the
Sc=6.4mA Effects of SC on threshold. In patients 14 through 16 the effect of SC on threshold of S2 was investigated. For all patients, as the current of SC was increased to 10.0 mA or less to inhibit S29 inhibition could be overcome by the use of higher milliamperes for S2 ( figure 6) . Thus, the threshold of S2 appeared to vary directly as a function of the magnitude of current used for SC. Ventricular summation. Summation was present in only one of six patients. One subthreshold stimulus plus S2 never produced ventricular depolarization. In one patient, two subthreshold stimuli caused summation ( figure 7) . In figure 7 , A, at an S,S2 interval of 230 msec, S2 did not result in ventricular depolarization. Figure 7 , B shows no summation after two subthreshold stimuli initiated 6 msec (SIS3 224 msec) and 8 msec (SIS4 222 msec) before S2' Summation is illustrated in figure 7, C and it occurred when the second subthreshold stimulus was moved 1 msec closer to S2 (SIS4 223 msec).
Discussion
In this study we demonstrate that subthreshold stimuli can prevent subsequent threshold stimuli from depolarizing human atrium and ventricle, as noted earlier in animal investigations." We further show that inhibition is both time and voltage dependent, and is markedly more effective if the inhibitory stimulus is delivered at the same site as the S2' These properties of FIGURE 4 . Inhibition of human atrium in patient 12. The format is; similar to that of figure 1. Since Sc occurs progressively earlier before S2 more current is required for S2 to inhibit the atrium. HRA = high right atrium. may be explained by several mechanisms tions resulting from a nonconducted response could insistent with the possibility that S, electroni-impair the transmission of an impulse arriving later in cts the response of the tissue to S2, thereby time at a zone of depressed conductivity. Electrotonic g S2 from initiating an active response.
depolarizations exerted a graded voltage and time-de-1 studies5-'0 have shown that subthreshold pendent inhibitory effect on the conduction of subse-Pic depolarizations can exert inhibitory ac-quent beats. Specifically, a subthreshold stimulus mpulse conduction as well as impulse genera-more effectively inhibited a threshold stimulus from olated cardiac tissues. The inhibitory effects producing a response if it occurred closer in timing to se generation include the ability of subthreshthe threshold stimulus. At a fixed ScS2 interval, higher .arization to delay the scheduled discharge of voltage of the Sc stimulus caused more effective inhibiieous pacemaker' and the ability to annihition. Our observations in human myocardium parallel minate pacemaker cycling.8 In a more recent these results. As noted in ed. This mechanism, however, cannot adequately explain our observations since Sc stimuli well within the refractory period of the myocardium tested were able to inhibit S2 (figures 1 and 4). Under these conditions, electrotonic displacement of membrane potential by Sc is more likely than active invasion of surrounding tissue. Further work is needed to define the mechanism(s) responsible for electrotonic inhibition in myocardium. Additionally, our patients had a variety of arrhythmias and most, but not all, had structural heart disease; it is not known whether the results of this study can be extrapolated to the general population. Although inhibition occurred in all patients tested, summation could be demonstrated in only one patient. In this patient a total of three stimuli were necessary to evoke a ventricular response, a finding noted earlier by Tamargo et al. 3 The findings in this study suggest potential clinical applications for the use of subthreshold stimuli to prevent tachyarrhythmias in humans. It is possible that atrial or ventricular arrhythmias may be prevented by applying subthreshold stimuli to one or more areas of the heart after a threshold depolarization (induced or spontaneous) has occurred. For example, a patient with a tachyarrhythmia may have the arrhythmogenic focus identified during epicardial or endocardial mapping. A single electrode or an array of electrodes could then be permanently placed at or near the focus, and a pacemaker generator could deliver one or more subthreshold stimuli at a predetermined time after normal and/or premature complexes. Other investigators4 have demonstrated a protective zone for ventricular fibrillation. In their studies a second stimulus delivered during a critical interval after a fibrillatory stimulus was shown to protect against ventricular fibrillation. Our data suggest that a similar protective zone may precede the precipitating event.
